Introduction
Pure FCC Cu has enjoyed a breadth of mechanical property studies. Polycrystalline Cu studies have been performed in torsion ͑cf., Shrivastava et ͓18͔ have noted critical resolved shear stresses under various loading conditions. Even boundary value problems with single crystal copper have been performed. For example, a high strain rate analyses/experimental study with the single crystal oriented for planar double slip by Rashid et al. ͓19͔ . Although single crystal Cu compression and tension tests have been conducted, few torsion and simple shear tests have been conducted. In this work, we perform torsion tests of solid bars of single crystal Cu. Historically, little research has been presented with this type of test for several reasons. First, it is a difficult test to achieve accurate load-rotation responses. In this paper, we describe how our method yields repeatable responses. Second, researchers typically use compression or tension tests to determine the yield stress. Third, researchers typically used thinwalled torsion tests to achieve large strains and avoid stress gradients that require plasticity analysis. By performing the single crystal solid bar torsion test with a ''minimal'' amount of dislocations present, we show qualitatively the effects of dislocation nucleation on the yield point.
A second aspect of this investigation is related to atomistic simulations. The single crystal torsion experiments are compared to single crystal simple shear and torsion simulations using molecular dynamics ͑MD͒ in an effort to analyze the phenomenological behavior. Horstemeyer and Baskes ͓28͔ performed simple shear MD simulations using embedded atom Method ͑EAM͒ potentials for single crystal Ni but in this study an EAM potential is used for single crystal Cu ͑Foiles ͓21͔͒ at two different size scales.
A third aspect of this investigation includes a finite element simulation using a crystal plasticity model ͑Horstemeyer et al. ͓20͔͒ of a single Cu crystal oriented in the same manner as the experiments and atomistic simulations. The crystal plasticity simulation of the torsion cylinder was used to relate the phenomenological behavior with the experiments and atomistic simulations.
To the authors' knowledge, the examination of the kinematics and stress response by using a combination of physical experiments, MD simulations, and crystal plasticity finite element simulations for torsion/simple shear of single crystal Cu has not been performed. One might ask why such a study is necessary. This type of study can serve a dual purpose: to relate microstructural mechanisms to mechanical properties and help guide continuum modeling at various scales. In particular, the experiments, MD simulations, and crystal plasticity finite element simulations provide different and unique perspectives and understanding of torsion/simple shear that when synergized generate a clear picture of the cause-effect relations of the microstructure-property relations. Experiments give the stress-strain response and material rotation phenomena but cannot provide the understanding of the mechanisms. It is the crystal plasticity finite element simulations and MD simulations that provide the understanding of the mecha-nisms of the plastic spin and dislocation nucleation and interaction. The crystal plasticity formalism starts at the scale of the crystal grain but does not inherently include subgrain division or much about substructures within grains. As such, crystal plasticity can provide information regarding the plastic spin with respect to the stress-strain response and rotations but not about the mechanisms related to detailed dislocation nucleation and interaction effects. The MD simulations are limited to small sizes and high applied strain rates but provide the mechanistic observations needed to relate the dislocation nucleation and interaction with the plastic spin and stress-strain responses at the higher scales. Furthermore, when combining these three independent methods, the similarities and differences between torsion and simple shear become clearly delineated.
Experiments
Two Cu single crystal bars with 99.999% purity were grown from a seed. The diameter of the specimens was 12.7 mm and the length was 50 mm with a ͗110͘ crystallographic direction parallel to the axial direction of the specimen. This orientation allowed for quadruple slip. Referring to Fig. 1 , in order to clamp the specimen to the torsional testing machine, each end of the specimen was epoxied inside an aluminum end cap. Figure 2 shows that the aluminum end caps were then clamped to a MTS multiaxial test system with one end clamped to the torque cell and the other end to the torsional actuator. The effective gage length of the specimen then became 17.6 mm.
Rotations were applied by the torsional actuator at a rate of 0.25°/s. The torque-rotation curves of two different specimens ͑1 and 2͒ are plotted in Fig. 3 . The stress state can be accurately calculated using an elastic analysis at yield but becomes more inaccurate as the deformation proceeds into the plastic regime. As such, we quote only stresses using the elastic formula near yield. Both curves in Fig. 3 show that Cu single crystal yields at a very low stress level ͑near 10 MPa͒ but the work hardening rate after yield is very high. In the context of this writing, we define two yield points. Macroyield is defined from the 0.2% strain offset. Microyield is defined at the proportional limit, when deviation from linearity starts. Table 1 shows the microyield and macroyield values for the two specimens. The stress values in Table 1 were evaluated at the outer radius of the specimen since the specimens experienced a stress gradient as the deformation proceeded.
An observation related to the kinematics of deformation on the outside surface of the specimen was made. As evidenced in Fig. 4 from the machining marks on the surface of the specimens, a wavy deformation pattern developed around the circumference during torsion. These machining marks were initially straight before torsion. The sinusoidal wave comprises of four periods believed to result from the fourfold symmetry of the dislocation glide planes around the circumference with an average ''amplitude'' of approximately 0.35 mm at the center of the gage section. This wavy periodic deformation is shown in Fig. 4 at a strain level of 35%. Molecular dynamics ͑MD͒ simulations of single crystal Cu were performed under fixed-end simple shear and torsion boundary conditions to give insight into the torsional experiments described earlier. Strictly speaking, simple shear requires that the traction-free face of the continuum point remain planar and parallel. We loosen that requirement to analyze potential inhomogeneous deformation predicted by our chosen modeling frameworks. Our ultimate goal was to examine simple shear experiments, which do not constrain the x-faces to be planar and parallel ͑see Fig. 5͒ .
The simple shear simulation had free surfaces in the x-and y-directions with periodicity in the z-direction as shown in Fig. 5 .
The aspect ratio (x/y) of the atomistic simulations was identical to the ratio of the circumference to gage length of the torsion specimen. For simple shear, the atoms in the top row in the y-direction were prescribed to move in the x-direction and the bottom row of atoms was fixed. For the torsion simulation the computational block of material was fixed on one end with a rotation prescribed at the other end, also shown in Fig. 5 . An applied strain rate of ϳ1e9/s was used for both types of simulations. A full discussion of strain rate effects can be found in Horstemeyer et al. ͓28͔ . The high applied strain rate arises because a femtosecond (10 Ϫ15 s) time step is needed to resolve dynamic simulation equilibrium. Hence, large simulation times are not possible. As a result, high strain rates are needed to reach large strains. A constant periodic length, a fixed number of atoms, and temperature of 300 K were used for the material that was oriented initially for quadruple slip. No initial defects were introduced into the material. An initial velocity in the x-direction scaled according to the height ͑y-direction͒ was introduced to alleviate a potential shock. The interior atoms were used to determine the average stress of the specimen. Figure 6 shows the relative displacement results from a simulation at 35% shear strain under simple shear. Similarly, Fig. 7 shows relative displacement results from the hollow and solid cylinder simulations at 35% shear strain under torsion. The vectors show the relative displacements from the original positions. One can see that the sinusoidal wave observed in the torsional experiment is also observed here in both types of simulations. One thing is clear: that dislocations are emitted from the corners of the block of material ͑cf. Horstemeyer and Baskes ͓29͔͒. After the dislocations are nucleated, they propagate into the interior of the block of material and the oscillatory deformation pattern results.
To determine the yield stress of the atomistic simulation specimens, a volume average of the shear component dipole force tensor ͑cf., Horstemeyer and Baskes ͓29͔͒ is used. The simple shear atomistic simulation showed that the microyield and macroyield stresses from the atomistic simulations were 1.95 and 3.1 GPa, respectively. The determination of a yield stress was difficult to determine for a torsion atomistic simulation because a stress gradient exists with respect to the radial distance. If one considers just the outside cylinder perimeter ͑same as the experiments͒, two problems arise: ͑1͒ the boundary conditions are prescribed by a thermal velocity and in doing so, the force determination is inappropriate to use for a stress calculation, and ͑2͒ surface atoms cannot be expected to yield bulk effects because of the large volume-to-surface area. Hence, in this study we simply use the simple shear yield stress values.
Finite Element Analysis With Crystal Plasticity
Finite element simulations employing a crystal plasticity constitutive model ͑cf, Cuitino and Ortiz ͓30͔, Horstemeyer et al. ͓20͔͒ within ABAQUS ͑Hibbitt et al. ͓31͔͒ was used to give insight into the underlying substructural physical mechanisms possibly responsible for the deformations related to the oscillatory pattern observed on the outside surface of the experimental torsion specimen. The crystal orientation, rotational rate, gage length, and diameter were the same as the experiment. Note that there is no inherent size scale in these calculations. A simple shear simulation was also performed with the corresponding geometry. Results for these simulations were almost identical when single Gauss point elements and higher order elements were used. For the simple shear simulation, elements had an initial aspect ratio of one-to-one with fifteen elements aligned vertically and thirty elements aligned horizontally. A mesh refinement study of doubling both sides showed no quantitative differences in the results. For the torsion simulations, eight elements were used with a one-toone aspect ratio through the diameter, and sixteen elements were aligned through the specimen length. No mesh refinement study was performed.
Figures 8 and 9 show the relation of one of the Euler angles and the relative displacement of the material at large strain under simple shear and torsion, respectively. For the simple shear case, note that two peaks are observed in the specimen ͑Fig. 8͑b͒͒ and this arises because of the plastic spin drives crystal reorientation ͑Fig. 8͑a͒͒. For the torsion simulation shown in Fig. 9 , we observe that rotation angles are of opposite sign on opposite sides of the specimen. On the left hand side, we see a peak clockwise ͑CW͒ rotation and on the right hand side, we see a peak counterclockwise ͑CCW͒ rotation. These opposing rotations push material up and down in the specimen to induce the oscillatory deformation pattern. Note that the minimum and maximum rotation angles correlate with the peaks and troughs of the displacement oscillations.
Discussion
We now discuss the similarities and differences in the experiments, molecular dynamics simulations, and finite element simulations. First, we will discuss the oscillatory deformation pattern observed on the outside circumference of the specimen and then differences in the kinematics and in micro/macro-yield ͑stress͒ response. Before we make comparisons though, we must first clarify a point regarding simple shear and torsion. If one assumes that the curvature related to the circumferential normal strain is negligible, then the stress response in simple shear and torsion is the same from a continuum perspective. In moving from the cylindrical coordinate system for torsion to the Cartesian coordinate system for simple shear the coordinates r, , z map to z, x, y, respectively. Note then that in the torsion experiments and simulations, the free surface is the z plane, but the free surface in the simple shear simulations is the zy plane. Transactions of the ASME Kinematics and Deformation. The main similarity observed in all the simulations and experiments was an oscillatory deformation pattern that was observed on the outer surface of the specimen. The oscillatory pattern occurred because the kinematics are qualitatively the same in the MD, finite element simulations, and experiments. However, the magnitude and period of the oscillating waves are different in simple shear and torsion. This arises because the cubic symmetry of the FCC crystal and the symmetry of the loading are not identical, since the z shear plane changes orientation around the circumference of the specimen. The finite element simulation shows this in Figs. 8 and 9 . For the torsion case ͑experiments, MD simulations, and finite element simulations͒, four peaks were observed, but in the simple shear case ͑MD simulations and finite element simulations͒ only two peaks were observed. The differences between torsion and simple shear were also observed by Boukadia and Sidoroff ͓32͔ but at much larger strains. In this study, the four peaks in the torsion and two peaks in the simple shear start to develop at the beginning of the deformation. This reflects the fourfold slip activity revealed in the torsion experiment and planar double slip exhibited in the simple shear simulations. These two types of slip activity clearly reflect that the plastic spin operates differently when comparing simple shear to torsion.
Not only are the number of periods different between torsion and simple shear, but the wave amplitudes were also different when we compare the ratio of the wave amplitude divided by the cylinder circumference for torsion and length for simple shear. We kept the ratio of the circumference of the cylinder to the axial gage length of the torsion equal to the ratio of the length to height in the atomistic simulation ͑0.43͒. Similarly, we kept the same ratio for simple shear when comparing the length-to-height. Table  3 shows a comparison of the wave amplitude ratios at 35% strain. The peak and trough values are readily determined in the experiment, whereas these values need to be considered only approximate for the MD simulations and finite element simulations. Note that both the torsion wave amplitude ratio and simple shear wave amplitude ratio were consistent within their own domains, but different when comparing torsion to simple shear. For torsion, the wave amplitude was much smaller than in simple shear. This difference may have to do with either the differences in plastic spin related to slip activity as discussed earlier or related to different free surfaces in each type of boundary condition. Although both have traction free planes orthogonal to the loading direction, the planes are opposite to the coordinate mapping from a cylindrical to the Cartesian coordinate system as r, , z map to z, x, y, respectively.
If torsion and simple shear were identical, the z plane in torsion would map to the xy plane in simple shear. The z plane in torsion is traction free, but the xy plane is not traction free but is constrained by periodic conditions. The yz plane in simple shear is traction free. Table 3 makes three points. ͑1͒ Simple shear and torsion boundary conditions incur different kinematics as expressed by the wave amplitude ratio. ͑2͒ The wave amplitude is very similar in torsion for the experiments, finite elements, and atomistic simulations, although there is minor variation within the different methods. The difference between the hollow and solid cylinders for the atomistic simulations may be due to the extra internal surface to allow dislocation nucleation for the hollow cylinder. Also, there exists a difference between the crystal plasticity simulation and the experiment from 0.02 to 0.05, respectively, even though these two simulations are considered to be on the same scale. The difference could arise for several reasons, but the main one is probably that the crystal plasticity formulation does not explicitly account for substructural development that is observed in finite deformations. ͑3͒ The simple shear wave amplitude ratio is essentially the same for the finite element simulations and the atomistic simulations. This result reveals that no specimen size scale effect exists related to the kinematics in torsion.
Stress Response. When comparing the stress response of the MD simulations to the experiments and finite element simulations of single crystal Cu, two main differences need to be addressed: the applied strain rate and specimen size. In the MD simulations, very high strain rates are present because the atomic periods are on the order of femtoseconds in the simulations. Lower applied strain rates lower the magnitude of the stress response due to the lessening of phonon drag ͑cf. Follansbee ͓33͔͒.
The specimen size is also expected to change the stress response. Horstemeyer and Baskes showed that at the nanoscale there exists a size dependency; as the size increases, the yield stress decreases. For the MD simulations in this study, the micro/ macroyield stresses were 1.95/3.1 GPa in simple shear, 0.47/0.5 GPa for the solid torsion specimen, and 0.2/0.21 GPa for the hollow torsion specimen. Other experiments qualitatively validate the experimental yield stresses observed in our experiments. Schmid and Boas ͓14͔ experimentally showed a microyield stress of 4.5 MPa for single crystal Cu in tension. Phillips ͓15͔ performed direct shear on single crystal Cu with different orientations and observed a value of 0.6 MPa for yield. Jackson and Basinski ͓16͔ conducted tension tests on single crystal Cu specimens with different crystal orientations and found a range of 0.50-1.24 MPa for the critical resolved shear stress. Honeycombe ͓17͔ experimentally showed a critical resolved shear stress of 0.34 -0.98 MPa for single crystal Cu depending on the purity level. These values are on the same order as our large scale torsion results. More recently, Quilici et al. ͓18͔ obtained a critical resolved shear stress of 0.8 MPa for 1 mm diameter torsion specimens of single crystal Cu.
Even for polycrystalline Cu this size scale trend has been observed. Fleck et al. ͓34͔ performed micron scale solid torsion experiments of polycrystalline Cu with different radii. The radii were 12, 15, 20, 30, and 170 m, and the corresponding yield stresses taken from a 0.2% strain offset were 229, 205, 140, 130 , and 120 MPa, respectively. Again, as the size increased, the yield stress decreased.
The much larger value for the MD simulations was expected because of the small size and higher applied strain rate, but this does not address the effect of initial dislocation density. In the MD simulations, a pristine block of material without initial defects was used. In the torsion experiment, the initial defect density was expected to be low because of the method of producing the single crystals, but realistically ͑though not measured͒ one would anticipate some dislocations to be present in the material before torsional testing.
Conclusions
In this investigation, we analyzed simple shear and torsion of single crystal copper by employing experiments, molecular dynamics simulations, and finite element simulations. In particular, we focused on micro/macroyield and the kinematic response. Examining samples with aspect ratios of the circumference of the cylinder to the axial gauge length of the torsion specimen equal to the ratio of the length to height in simple shear, we observed an oscillatory deformation pattern in simple shear and torsion that relates to the underlying crystalline nature of discrete slip ͑plastic spin͒. The ratio of wave amplitude divided by cylinder circumference in torsion ranged from 0.02-0.06 for the three different methods of analysis: experiments, molecular dynamics simulations, and finite element simulations. For the molecular dynamics and finite element simulation simple shear case, the ratio of wave amplitude divided by the specimen length and ranged from 0.23-0.26. Although each method gave similar results for each type boundary condition, it is clear that the simple shear case resulted in amplitudes that were approximately five times larger than torsion. We attributed this to a different crystalline lattice reorientation torsion ͑rate͒ in torsion and simple shear. The simple shear case constrains the dislocation activity to planar double slip but torsion experiences quadruple slip. Finally, we extrapolated the atomistic yield stresses to a much larger scale and these comparisons were close to the experimental data in the literature and in our study.
